A fundamental process in biology is the mechanism by which cells duplicate and divide to produce two identical daughter cells. The fission yeast, Schizosaccharomyces pombe, has proved to be an excellent model organism to study the role that gene expression plays in this process. The basic paradigm emerging is that a number of groups of genes are expressed in successive waves at different cell cycle times. Transcription of a particular group is controlled by a common DNA motif present in each gene's promoter, bound by a transcription factor complex. Each motif and transcription factor complex is specific to the time in the cell cycle when the group of genes is expressed. Examples of this are the MBF (MCB-binding factor)/MCB (MluI cell cycle box) system controlling gene expression at the start of S-phase, and PBF (PCB-binding factor)/PCB (Pombe cell cycle box) regulation of transcription at the end of mitosis. In some cases, these transcription control systems also operate during the alternative form of cell division, meiosis.
Introduction
When cells undergo mitotic cell division, a precise series of co-ordinated events ensures that the daughter cells contain the same cellular constituents as the parent. Similarly, when cells complete meiosis, functional daughter cells are produced which only vary in their chromosomal DNA composition through genetic recombination. This fidelity of division is one of the major goals for understanding the cell division cycle. Many molecular processes are considered to regulate the cell replication process, such as phosphorylation and intracellular localization of proteins, protein-protein interactions and protein degradation. It is becoming increasingly clear that the phase-specific regulation of gene expression also plays a widespread and important role.
This short review summarizes what is known about the regulation of cell cycle-specific transcription in the eukaryotic cell cycle model organism, the fission yeast Schizosaccharomyces pombe. The main focus outlines the various waves of gene expression that occur during the mitotic and meiotic cell cycles in this model organism. Then, the cell cycle transcriptional control mechanisms, consisting of both cis-acting promoter sequences and trans-acting transcription factors, are described. Finally, the functional significance of cell cycle-specific gene expression is discussed.
Mitosis
Recent genome-wide micro-array studies demonstrated that during the fission yeast mitotic cell cycle, approx. 400 genes are expressed at particular cell cycle phases, with approx. 140 of these showing large fluctuations in their mRNA levels [1] . These genes fall into four distinct waves, some of which have been described previously by more traditional methods (Table 1 and Figure 1 ). The first wave is expressed at the start of S-phase (G 1 /S), the second wave during S-phase, the third wave during G 2 , and the fourth wave at the end of M-phase and the start of the next cell cycle (M/G 1 ).
In some cases, transcriptional control mechanisms regulating each wave of gene expression have been identified (Figure 1) , and the details of these mechanisms are described below.
G 1 /S wave
The G 1 /S wave of gene expression at the beginning of S-phase was the first to be described in fission yeast, with its control mechanisms being subsequently elucidated. At present, this group contains at least ten genes, which encode products that are either directly or indirectly required for passage through S-phase (Table 1) . For example, cdc22 + , cdc18 + and cdt1 + are required for DNA replication, with cdc22 + encoding the large subunit of ribonucleotide reductase [2] and cdc18 + /cdt1 + controlling origin replication [3, 4] . cig2 + is a G 1 cyclin that appears to activate the fission yeast cyclin-dependent kinase Cdc2p to permit entry into S-phase [5] .
In each case, these genes contain a conserved DNA motif in their promoter region, which has been named MCB (MluI cell cycle box; the DNA sequence ACGCGT is coincidentally identical with the MluI restriction enzyme recognition sequence) that confers G 1 /S-specific transcription [6] [7] [8] . The MCB motif regulates G 1 /S-specific transcription of these genes by binding to a transcription factor complex that was initially named DSC1 (DNA synthesis control 1) [6] , although it is now more widely known as MBF (MCBbinding factor).
A number of MBF components have been identified: these include Cdc10p, Res1p, Res2p and Rep2p [6, [9] [10] [11] [12] [13] . It is believed that MBF possesses both stimulatory and repressive functions to mediate G 1 /S-specific transcription [14] [15] [16] [17] . Table 1 Genes that constitute the four waves of gene expression during a mitotic cell cycle in fission yeast
Representative genes from each cluster are shown; for an exhaustive list see [1] . In each case, the DNA promoter motifs that control gene expression are indicated. Relevant references discussing the particular functions of mitotic phase-specific transcription are given in the last column. [19] ace2 + PCB Transcription factor [24] MBF appears itself to be regulated through binding of the G 1 cyclins Cig2p [7] and Pas1p [18] to Res2p. For Cig2p, this promotes the phosphorylation of Res2p to inhibit MBFdependent transcription. Thus, Cig2p, which is itself under MBF regulation, regulates its own and other G 1 /S-specific gene expression in a negative feedback loop. As the first group of genes whose transcriptional mechanism was described in fission yeast, the MBF/MCB system has presented a paradigm for cell cycle regulation of gene expression, which applies to other groups of genes subsequently identified in this and other organisms ( Figure 1 ). The simple mechanism emerging is that groups of genes are periodically expressed during the mitotic cell cycle in successive waves. Each wave of expression is controlled by a common promoter motif specific to that group of genes, which is bound by a specific transcription factor complex. It is the combination of the transcription factor complex binding to the motifs in the promoters of the genes in the particular group, which results in their co-ordinate expression at that cell cycle time.
M/G 1 wave
The second wave of gene expression whose molecular controls have been identified, occurs at the end of the cell cycle, the so-called M/G 1 interval [19] . This group contains at least eight genes, whose gene products are required for late cell cycle events, such as spindle formation, cytokinesis and septation (Table 1) . For example, cdc15 + and dmf1 + control actin ring formation that predicts the site of septation [20, 21] , and plo1 + and fin1 + control spindle formation, chromosome separation and septation [22, 23] .
In this case, a different promoter DNA sequence has been identified and named PCB (Pombe cell cycle box), which controls gene expression at this cell cycle phase [19, 24] . The DNA sequence GNAACR is related to the forkhead transcription factor binding site GTAAACAA; other forkhead-like binding sites have also been noticed in these genes' promoters, although their biological role has not yet been established [1] . The PCB sequence binds to a common transcription factor complex, named PBF (PCB-binding factor), which regulates the genes' expression. Three gene products have been identified that regulate M/G 1 transcription, which appear to be part of or associate with PBF. These are two forkhead-type transcription factors, Fkh2p and Sep1p, and a MADS (MCM1, agamous, deficiens and SRF) box-like protein named Mbx1p [24] [25] [26] . Although these transcription factors have only been identified recently and, thus, their biology is poorly understood, it appears that In mitosis, four waves of expression are observed, made up of five groups of genes. The G 1 /S wave contains two groups: the MBF/MCB and the Ace2p/ACE2 groups. The histone group is expressed during S-phase. A small group of genes is expressed during G 2 and, lastly, the PBF/PCB group is expressed at M/G 1 . In meiosis, there are also four waves of gene expression, in some cases controlled by transcriptional control mechanisms related to those in mitosis. At meiotic entry, the Ste11p/TR group is the first, followed by the MBF/MCB group at premeiotic S-phase. During the two meiotic divisions, the Mei4P/FLEX group is expressed, with the Atfp/ATF group expressed last during sporulation. For details of the transcription mechanisms, see text.
Fkh2p and Sep1p act together to mediate M/G 1 -specific gene expression, with Fkh2p having a repressive and Sep1 a positive function in this process [1, 24] . Interestingly, fkh2
+ itself is cell cycle-transcribed at M/G 1 and contains PCB sequences in its promoter, and so may regulate its own expression via a feedback loop [24] . Furthermore, Plo1p appears to regulate PBF activity and M/G 1 transcription: it is also expressed exclusively at M/G 1 and, therefore, may regulate its own expression in a further feedback loop [19, 24] .
Another gene under PBF/PCB control is ace2 + . ace2 + encodes a transcription factor that appears to regulate the expression of a group of genes through binding to an ACE2 motif ACCAGCR in the genes' promoters [1, 24, 27] . This group of genes is expressed at the same time as the MBF/ MCB group at the G 1 /S boundary ( Figure 1 ). Thus at least two of the waves of cell cycle transcription in fission yeast are functionally linked by one of the genes in the first group encoding a transcription factor that controls expression of the next group. This is the only instance of a molecular link between two successive waves of gene expression so far identified in fission yeast, which is in contrast with other organisms where such links are proposed to be more widespread [28] .
S-phase wave
The next wave of gene expression is expressed during S-phase: this group contains four core histone genes (H2A, H2B, H3 and H4), along with a single histone variant gene (H2A.F/Z) [29, 30] . The mechanisms of histone gene regulation have not been fully characterized, although all these genes possess a conserved 17 bp DNA motif (containing repeats of an AACCCT 6 bp sequence) in their promoters, which may control their co-ordinate expression [31] . No transcription factor complex has yet been identified that binds to this motif.
G 2 wave
During the fission yeast mitotic cell cycle, a significant proportion of cell cycle time is spent during the G 2 phase. Furthermore, it is believed that the major control point regulating progression through the cell cycle is at the initiation of M-phase, the G 2 /M boundary [32] . It is surprising, therefore, that only a small number of genes have been found to be specifically expressed at this cell cycle time, such as spd1 + , psu1 + and rds1 + [1] . So far only a promoter motif has been proposed for genes expressed in early G 2 ('Novel 3' ACCNCGCT) [1] , but no transcription factor has yet been identified. It has been suggested that post-transcriptional modifications may play a more important role during this cell cycle phase [1] .
Meiosis
Micro-array analysis has revealed that a considerable number of genes in fission yeast are expressed at specific phases of meiosis [33] . The total number of genes that are significantly up-regulated by at least 2-fold during this alternative life cycle is about 2000, and of these at least 700 are up-regulated more than 5-fold. These genes fall into four major waves (Figure 1 and Table 2 ), which coincide with the four major stages of meiotic differentiation: nutritional starvation; pre-meiotic S-phase; the two meiotic divisions, the first reductional and the second equational; and spore formation.
The first wave of meiotic genes includes those known to be important for meiotic entry, such as pat1 + and mei2 + , pheromone signalling and mating-type genes. The second, a pre-meiotic S-phase wave contains about 100 genes, encoding proteins required for DNA synthesis, recombination and chromosome cohesion. The third wave contains those genes required for progression through mitosis, such as cdc25 + and cdc13 + , components of the condensin complex, spindle pole body and the anaphase promoting complex and kinases Table 2 Genes that constitute the four waves of gene expression during a meiotic life cycle in fission yeast
Representative genes from each cluster are shown; for an exhaustive list see [33] . In each case, the DNA promoter motifs that control the genes' expression are indicated. Relevant references discussing the particular functions of meiotic phase-specific transcription are given in the last column. [33] such as plo1 + , ark1 + and fin1 + . Finally, the fourth wave, expressed after the two meiotic divisions until the completion of sporulation, contains genes required for stress responses and cell-wall production.
DNA motifs and transcription factors have been identified that control these four waves of expression, and in some cases they are similar to those that operate during mitosis (Figure 1 ). The first wave contains enrichment for the Ste11p-binding site (TR motif) in the genes' promoters, which is bound by the Ste11p transcription factor [34] . The second wave is controlled by MCB sequences that bind an MBFrelated transcription factor complex in which the Res1p component is lost, and Rep2p is replaced by another subunit Rep1p [11, 12, 35, 36] . The third wave contains many copies of the FLEX motif sequence that is bound by the Mei4p transcription factor [37] , a member of the forkhead family. The fourth wave contains enrichment for the ATF-binding motif, and Atf21p and Atf31p are believed to bind these sequences to direct late gene expression [33] .
Importance of transcription in cell cycle control
One way to analyse the importance of cell cycle-specific transcriptional control mechanisms has been to compare the incidence of cell cycle genes in different organisms. Another yeast species, the budding yeast Saccharomyces cerevisiae, distantly related to fission yeast, was the first yeast in which global mitotic and meiotic gene expression studies were completed [38] [39] [40] . A significant number of genes are expressed in a cell cycle-specific manner in both yeast species, which implies that the regulation of their expression is important. Indeed, in some cases, the same genes (e.g. pololike kinase Plk and cyclin B) are also cell cycle-regulated in higher eukaryotes, such as humans [41] , supporting this contention.
Why is the expression of some genes cell cycle-regulated? A number of explanations have been suggested, which fall into three categories:
(1) Cell economy. As cells pass through a cell cycle, a wide range of different cellular structures and processes are required. For example, during the S-phase, all the proteins necessary for replicating a DNA must be present. It makes sense, therefore, as the most parsimonious way to use cellular constituents, to make these proteins only available at the cell cycle stage when they are required. One method to do this is to transcribe genes at the cell cycle time when their product is required.
(2) Deleterious for cell cycle progression. As a corollary to the first explanation for cell cycle transcription, in other instances, it may be deleterious for cell cycle progression if certain proteins are present at a particular cell cycle phase. Such proteins may inhibit or prevent the cell cycle at a stage when they are usually not present. Once again, cell cycle-specific expression is one way of ensuring that proteins are only present at the 'correct' cell cycle phase, provided the encoded protein has a short half-life.
(3) Cell cycle regulation. Finally, and probably the most interesting, in some cases, a cell cycle-specific expression appears to play a role in regulating cell cycle progression. For this small number of genes, their phase-specific expression is crucial for controlling the timing of, and the orderly, correct passage into the next cell cycle period. Examples of this include the two transcription factors, Fkh2p and Ace2p. Fkh2p regulates its own and other genes' cell cycle-specific expression at M/G 1 including ace2 + , which itself controls expression of the next wave of gene transcription at G 1 /S. Inappropriate expression of either of the two genes causes severe cell cycle malfunction, with premature septation and consequent lethality [1, 24] .
Another example is cig2 + , a cyclin expressed at G 1 /S under MBF/MCB control: Cig2p protein is believed to bind to Res2p (part of MBF) to inhibit G 1 /S transcription [7] . Thus cig2 + G 1 /S transcription is part of a negative feedback loop controlling MBF/MCB G 1 /S transcription. Indeed, so important is the variation in Cig2p protein abundance during a cell cycle that post-transcriptional regulation of Cig2p levels, through specific protein degradation, also occurs [5] .
A different example of phase-specific expression important for cell cycle control is mik1 + . mik1 + encodes a kinase that phosphorylates the fission yeast cyclin-dependent kinase, Cdc2p, to inhibit its activity and prevent mitotic entry [42] . Mik1p is therefore believed to regulate cell cycle function specifically at the G 2 /M boundary. Curiously, mik1 + mRNA and protein levels peak at the G 1 /S boundary, as it is under MBF/MCB control [43] [44] [45] . What appears to be occurring is that Mik1p protein is produced during the S-phase as part of the mechanism to prevent M-phase from occurring before DNA synthesis is complete. Thus the specific production of Mik1p protein during S-phase by transcriptional regulation is part of the control that ensures orderly entry into the following M-phase.
Summary and conclusions
The phase-specific expression of genes through both the mitotic and meiotic cell cycles is widespread in eukaryotes. The fission yeast, S. pombe, is an attractive model organism to study the mechanisms and significance of these processes. The simple paradigm emerging is that groups of genes are expressed as waves throughout the cell cycle. Each wave of expression is co-ordinately regulated by a common promoter motif that binds to a transcription factor. The promoter motifs and transcription factors are specific to that cycle time, and it is their function, in combination, that stimulates phasespecific expression. Genes are cell cycle-transcribed for a number of reasons including cell economy and function, and only for a minority of these genes it appears that their specific expression is important for controlling progress through the cell cycle.
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